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Left ventricular function and systemic regional blood
flow (radioactive microspheres, 15 ± 5 p.) were studied
1, 3, 10 or 42 days after left coronary occlusion in con-
scious rats. One day after coronary occlusion, vascular
resistance in the skeletal muscle and cutaneous beds in-
creased while stroke work and left ventricular systolic
pressure were depressed. Regional blood flow and hemo-
dynamic data were similar for sham and infarction groups
at 3 and 10 days after surgery, except for left ventricular
end-diastolic pressure, which was significantly increased
in rats with infarction (sham versus infarct: 11.5 ± 1.0
versus 18.4 ± 3.2 at day 3 and 12.2 ± 1.4 versus 19.9
± 3.2 at day 10) (p < 0.05). At 42 days after myocardial
infarction, manifest heart failure occurred as docu-
mented by decreased cardiac output and left ventricular
systolic pressure and elevated left ventricular end-dia-
The development and course of left ventricular dysfunction
after acute myocardial infarction has been extensively stud-
ied during the past decade (1-3). Little is known, however ,
concerning the adjustments in the regional vasomotor re-
sponse during the course of myocardial infarction . Previous
studies from this laboratory (4) showed that within 2 days
after ligation of a coronary artery in a rat model there is
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stolic pressure and vascular resistance in the cutaneous,
skeletal muscle and renal beds.
In a separate group of animals with moderate (33.2
± 2% of left ventricle) and large infarctions (45 ± 1.3%
of left ventricle), regional blood flow was compared with
the sham group . Rats with a large infarct demonstrated
significant (p < 0.05) reduction in flow to kidney, gut
and liver. In rats with a medium sized infarct, only renal
blood flow was significantly reduced.
It is concluded that in this model of myocardial in-
farction, early cardiocirculatory depression is followed
by a partially compensated state with increased left ven-
tricular end-diastolic pressure and subsequent systemic
and regional vasoconstriction which, in turn, may con-
tribute to late deterioration of heart failure.
(J Am Coil Cardiol 1986;8:134-42)
systemic vasodilation . In turn, this endogenous imped ance
reduction might partly account for compensation of left ven-
tricular dysfunction in the early phase of myocardial in-
farction (5), Indeed, acute depression and subsequent re-
covery of left ventricular function have been demonstrated
in previous studies in conscious dogs ( 1.6), and more re-
cently significant resolution of abnormal contraction in the
area of infarction was shown in the con scious dog (7).
Nevertheless, late depre ssion of myocardial function has
been reported in both rats (8) and conscious dogs (9) be-
tween 3 and 10 months after coronary occlusion, indicating
that progressive myocardial dysfunction may occur after a
large infarction.
However, the regional circulatory adjustments occurring
during recovery from myocardial infarction are not yet de-
lineated , although the importance of peripheral vascular fac-
tors in congestive heart failure due to infarction have been
recognized (\ 0). In the present study , a rat model of myo-
cardial infarction with large infarct size was used I) to define
the natural course of regional vasomotor response over 6
weeks after experimental infarction , and 2) to correlate in-
farct size with regional perfusion late after infarction .
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Methods
Selection of the experimental group. Male Sprague-
Dawley rats were housed in facilities with constant tem-
perature, exposed to a 12 hour light/l2 hour dark cycle an.d
given standard laboratory chow (Wayne) and water ad li-
bitum for a minimum of 2 weeks before initiation of ex-
perimental procedures.
The mean body weight of the experimental group before
surgical procedures was 334 ± 10 g. The animals were
divided into eight groups (Table I). Those with an infarct
of less than 30 to 35% of the left ventricle, as estimated
from gross inspection at autopsy, were excluded from the
study. Although it is recognized that infarct size measure-
ments in each of the 1-, 3-, 10- and 42-day infarct groups
would be desirable, determination of infarct size at different
time points after infarction requires several, possibly un-
reliable, assumptions concerning different degrees of re-
sorption of tissue over time and develop~ent of hyp~rtr~­
phy. After excluding obviously smaller infarcts (which IS
suitable in our experience), the infarct size varied between
35 and 49% of the left ventricle in 10 animals selected on
an arbitrary basis (see later).
Myocardial infarction and failure model. Infarction
was produced by left coronary artery ligation, using a mod-
ification of a previously described method (11). The rats
were anesthetized with 0.3 glkg body weight chloral hydrate
intraperitoneally and artificially ventilated (tracheotomy) us-
ing a Harvard Rodent Respirator (model 665). A left tho-
racotomy was performed in the fifth intercostal space, a
pericardiotomy was made and the left main coronary artery
was ligated approximately 2 mm from its origin with a
6-0 suture. In the rats with infarction, the suture was tied
tightly, whereas in sham rats, the suture was tied loosely
so as not to obstruct coronary flow. The left ventricular
surface becomes pale in rats that have successful ligation
of the left coronary artery. If infarct size appeared small
intraoperatively, a second, more proximal ligation was per-
formed. The muscle and skin layers were closed with a
purse-string suture.
Using this method, there was a mortality rate of 32%
within the first 24 hours in the infarct group (33 of 102
Table 1. Animal Grouping
Days After Surgery
3 10 42
Infarct rats (n) 8 8 8 17*
Body weight (g) 380 ± 23 326 ±9 368 ± 12 457 ± I
Sham rats (n) 8 9 10 7
Body weight (g) 384 ± II 349 ± 6 361 ± 8 457 ± 7
Data are mean ± SEM. *Ten animals used solely for infarct size
measurements. n = number.
rats). After 24 hours the mortality rate was 12% (11 ani-
mals), including 2 rats each at 10 and 42 days that died
after anesthesia with the catheters in the left ventricle and
the sudden development of tachycardia that degenerated into
ventricular fibrillation. The remaining seven infarct rats died
2,3,5, 10, 12, 15 and 18 days after myocardial infarction.
The mortality rate after the sham operation was 7% (4 of
56 rats: 3 died within 24 hours and I died 4 days after
surgery).
All surviving rats, in both infarct and sham groups, were
allowed to recover from surgery under the controlled con-
ditions described, and subsequent experimental procedures
were started at 1, 3, 10 or 42 days after surgery.
Instrumentation. Under halothane anesthesia (2% in
oxygen), heparinizedsaline solution-filled (Lipo-Hepin, Riker:
I 000 Ulml diluted to I Ulml in normal saline solution)
polyethylene catheters (PE-50) were placed in the left ven-
tricle (through the right carotid artery) and in the caudal
artery (3 em distal to the femoral bifurcation). Previous
studies of bilateral cerebral blood flow measurements have
consistently indicated that carotid artery occlusion for left
ventricular catheterization in rats has no effect on cerebral
perfusion (12). Catheter positions were determined by pres-
sure wave forms (for example, typical left ventricular pres-
sure tracing when entering the left ventricle) detected by
Statham P23Gb pressure transducers and displayed on an
Electronics for Medicine recorder (AR-6). The left ventric-
ular catheter was brought through a subcutaneous tunnel to
the dorsal cervical region. After closure, animals were al-
lowed to recover for a minimum of 3 hours before exper-
imental procedures were initiated. This recovery period has
been found to be of sufficient duration to ensure a return to
steady state conditions in the rat (13).
Regional blood flow measurement. Radioactive mi-
crospheres (3M Company), 15 ± 5 p, in diameter, were
used to measure regional blood flow according to the ref-
erence sample technique (14,15) as adapted for use in the
rat (16-18). A detailed presentation of the radioactive mi-
crosphere technique as used in this study has been described
previously (12,19). Four different radionuclide-labeled mi-
crosphere species (cesium-141, strontium-85, niobium-95,
scandium-46), with specific activities of approximately 12
mCilg, suspended in normal saline solution plus 0.01 %
Tween-80 (Sigma Chemical Co.), were used in rotating
sequence. The Tween-80 was added to retard microsphere
aggregation, and at the concentration used here, has been
shown to have minimal effects on the cardiovascular hemo-
dynamics in the conscious rat (16). Studies using multiple
microsphere injections in rats with heart failure (volume
overload, 6.4 months' incubation) indicate that this pro-
cedure alone does not alter cardiovascular hemodynamics
in rats with left ventricular failure (20). The final specific
activity of the microsphere .suspension was approximately
136 DREXLER ET AL.
MYOCARDIAL INFARCTION AND REGIONAL BLOOD FLOW
JACC Vol. 8, No.1
July 1986:134-42
0.01 mCi/ml of suspending agent. The microsphere sus-
pension was thoroughly mixed by agitation and sonication
(Heat Systems Ultrasonics Sonicator Model W 200 R) im-
mediately before each injection. Approximately 150,000
microspheres (0.5 ml) of microsphere suspension was then
injected into the left ventricle through the catheter over a
15 second period followed immediately by a 1 ml heparin-
ized saline flush over a 15 second period. One minute before
the injection, blood withdrawal was begun through the cau-
dal arterial catheter at a rate of 0.2 cc/min using a Harvard
pump (Model 907). The total blood withdrawal period equaled
4 minutes for each injection and was used as the blood
reference sample.
At the end of the study, rats were killed by pentobarbital
injection in the left ventricle and organs as well as tissue
samples were removed. All samples were blotted, weighed
and transferred to a two-channel gamma scintillation counter
(Packard Auto-Gamma Spectrometer Model 5230) for de-
termination of radioactivity levels. Sample size and height
were altered to obtain, as nearly as possible, equal total
counts in all samples, thereby reducing error due to non-
uniform counting efficiency over large ranges in emission
rates. Samples of skeletal muscle, skin and gastrointestinal
tract (including stomach, jejunum, ileum and colon) weigh-
ing at least 10, 6 and 5 g, respectively, were used for
measurements of blood flow to these tissues. A Digital
Equipment Corporation PDP 11140 computer was pro-
grammed to calculate regional blood flow as well as total
cardiac output according to the method used by Wagner et
al. (15). The program employed for these calculations com-
pensated for cross-talk between channels .
Random samples of microspheres were periodically ana-
lyzed under a microscope equipped with an optical micro-
meter to measure actual microsphere diameter and to de-
termine the effects of sonication. The position of the peak
emission energy levels for each radionuclide-tagged micro-
sphere species was periodically checked to avoid counting
errors due to drift in the detecting apparatus . The total in-
jected counts were estimated from the average number of
counts in 10 tubes, each containing the same known dilution
of the total volume of each microsphere injection .
Measurement of hemodynamics. Cardiac output at the
time of the injection was determined by the use of the
radioactive microsphere technique as described by Heyman
et al. (14). Cardiac output and stroke volume data are ex-
pressed as flow per kilogram of body weight. Tracings from
the left ventricular catheter were used to obtain heart rate
as well as left ventricular peak systolic and end-diastolic
pressures. Stroke volume was calculated from cardiac output
and heart rate. Total vascular resistance was determined by
the use of cardiac output and mean arterial pressure data .
Stroke work was estimated by the following formula: Stroke
work = (Stroke volume) x 0.0144 x (LVSP - LVEDP),
where LVSP = left ventricular peak systolic pressure and
LVEDP = left ventricular end-diastolic pressure. With the
exception of cardiac output, hemodynamic data were col-
lected immediately before the microsphere injection .
Measurement of total cardiac output distribution. The
distribution of total cardiac output was calculated from the
data for regional blood flow. For regions where total flow
was not measured (cutaneous, skeletal muscle, gastrointes-
tinal tract), estimates for each rat were made based on mea-
sured flow per 100 g of tissue and projected body weight
percentages for each tissue in the rat (cutaneous, 320; skel-
etal muscle , 454; gastrointestinal tract, 53 g/kg body weight)
(21).
Determination of infarct size. Ten animals from the
42-day infarct group were used solely for estimation of
myocardial infarct size . These rats were not classified as a
special group at surgery , but selected on an arbitrary basis .
Within 42 days, the necrotic myocardial tissue has been
shown to be completely replaced by connective tissue (22).
The hearts of these animals were excised under halothane
anesthesia and then the left ventricle and the ventricular
septum were separated, weighed and fixed in 10% formalin
for histologic study. The left ventricle was cut in four trans-
verse slices from apex to base. Sections, 5 J.L thick, were
cut and stained with Massons' trichrome stain and mounted
(22). Using a planimeter Digital Image Analyzer (MOP 3,
Carl Zeiss) the endocardial circumference of the infarcted
and noninfarcted portions of the left ventricle was deter-
mined. The infarcted circumferences of all four slices were
summed and then expressed as a ratio of the summed cir-
cumference of the left ventricle .
For all animals in the infarct group , myocardial infarction
was transmural with a mature scar located in the left anterior
free wall . Area measurements of infarct size were not made,
as these have beer: shown to underestimate infarct size be-
cause of resorption of necrotic tissue and subsequent wall
thinning (22) and late development of compensatory myo-
cardial hypertrophy (23).
In a separate group of animals, regional blood flow and
infarct size were determined 42 days after surgery (coronary
ligation or sham procedure) . On the basis of infarct size ,
the rats were divided into three groups: large infarcts (40
to 50% of the left ventricle), medium infarcts (25 to 39%
of the left ventricle) and sham animals (control).
Statistical analysis. Results are reported as mean ±
SEM. All data for the four infarct and sham groups were
evaluated using analysis of variance followed by the Stu-
dent-Newman-Keuls multiple range test (24) and a proba-
bility (p) value of less than 0.05 was considered significant.
Respective infarct and sham groups were compared using
the Student nonpaired t test. One-way analysis of variance
was used as well for comparison of control, medium infarct
and large infarct blood flow data.
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Table 2. Hemodynamics at I, 3, 10 and 42 Days After Coronary Occlusion or Sham Procedure
Days After Surgery
3 10 42
Cardiac output (ml.kg-t.min- I)
Sham group 283 ± 22 232 ± 32 279 ± 23 255 ± 29
Infarct group 269 ± 25 317 ± 36 276 ± 29 159 ± lO*t
Stroke volume (rnl-kg - I.beat- I)
Sham group 0.67 ± 0.06 0.68 ± 0.08 0.69 ± 0.05 0.65 ± 0.06
Infarct group 0.63 ± 0.06 0.71 ± 0.07 0.67 ± 0.05 0.35 ± 0.03*t
Stroke work (g/kg)
Sham group 1.48 ± 0.15 1.39 ± 0.18 1.39 ± 0.11 1.45 ± 0.19
Infarct group 1.23 ± 0.10 1.38 ± 0.15 1.23 ± 0.16 0.62 ± 0.06* t
Heart rate (beats/min)
Sham group 426 ± 12 429 ± 13 408 ± 12 402 ± II
Infarct group 461 ± 26 446± 16 409 ± 17 433 ± 18
LVSP (mm Hg)
Sham group 165 ± 3.2 163 ± 3.9 158 ± 4.1 170 ± 3.9
Infarct group 152 ± 4.9t 145 :t 5.3t 145 :t 7.3 147 ± 5.1t
LVEDP (mm Hg)
Sham group 12.0 ± 1.2 11.5 ± 1.0 12.2 :t 1.4 10.7 ± 1.5
Infarct group 13.9 ± 2.5 18.4 ± 3.2 19.9 ± 3.2t 23.0 ± 3.4H
MAP (mm Hg)
Sham group 122 ± 3.9 120 :t 3.6 116 ± 5.1 128 ± 4.5
Infarct group 111 :t 3.8 110 :t 2.4t 115 :t 6.7 112 ± 3.6 t
SVR (mm Hg-kg-min-ml " ' )
Sham group 0.45 ± 0.04 0.42 :t 0.05 0.43 ± 0.05 0.50 ± 0.07
Infarct group 0.44 ± 0.04 0.36 :t 0.04 0.44 :t 0.04 0.76 ± 0.05*t
Data are mean ± SEM. *p < 0.05 versus I, 3 and 10 day infarct group; t p < 0.05 or more versus respective sham group; :j:p < 0.05 versus 1 day
infarct group. LVEDP = left ventricular end-diastolic pressure; LVSP = left ventricular peak systolic pressure; MAP = mean arterial pressure; SVR
= systemic vascular resistance.
Results
Effect of myocardial infarction on ca rdio vascular
hemodynamics (Table 2). Mean values for heart rate, car-
diac output, stroke volume and stroke work in all infarct
and sham groups are shown in Table 2, each group repre-
senting a differe nt time point after infarction or sham op-
eration. There were no significant changes in heart rate over
time in rats with infarction nor was there a difference com-
pared with respective sham-operated rats . In animals with
infarction, cardiac output decreased between 1, 3 and 10
days as compared with 42 days. In addition , the 42-day
group values were significantly lower when compared with
values in the respective 42-day sham group (p < 0.01). The
same pattern was true for stroke volume and stroke work.
Concomitant with the fall in cardiac output, systemic vas-
cular resistance of the rats with infarction increased between
3, IO and 42 days after coronary ligation.
Coronary artery ligation reduced left ventricular peak
systolic pressure , a diffe rence that was significant at I , 3
and 42 days compared with respective sham-operated groups.
Mean arterial pressure likewise tended to decrease , although
not as markedly as left ventricular peak systolic pressure.
The left ventricular end-diastolic pressure increased signif-
icantly over time in rats with infarction, while remaining
virtually constant in sham-operated animals .
Effect of myocardial infarction on regional blood flow
and vascular resistance. Average values for skeletal mus-
cle blood flow and resistance are presented in Figure I.
Skeletal blood flow was reduced markedly 24 hours after
coronary ligation as compared with values in the respective
sham-operated group (p < 0 .02). Concomitantly, skeletal
muscle vascular resistance was increased at 24 hours after
surgery (p < 0.02 versus respective sham group).
Although there were no significant differences between
sham and infarct data at 3 and 10 days after surgery, average
skeletal muscle blood flow tended to decrease and vascular
resistance tended to increase 42 days after coronary ligation.
Blood flow to skeletal muscle was significantly reduced in
the 42-day infarct group as compared with the sham group
(p < 0.05) and vascular resistance was increased (p < 0.05) .
Skeletal muscle blood flow was significantly higher in the
3-day and ID-day infarct groups as compared with the 1-
day infarct group . Similarly, vascular resistance was sig-
nificantly lower in the 3- and IO-day groups as compared
with the l -day infarct group.
Summary data for cutaneous blood flow and vascular
resistance are presented in Figure 2. Cutaneous blood flow
was not significantly reduced over the 1st, 3rd and 10th
days after coronary ligation . Similarly, cutaneous vascular
resistance was not significantly increased at 1, 3 and 10
days after infarction, because cutaneous blood flow de-
138 DREXLER ET AL.
MYOCARDIAL INFARCTION AND REGIONAL BLOOD FLOW
JACC Vol. 8, No. I
July 1986:134--42
BLOOD FLOW BLOOD FLOW
40 800





1 3 10 42days 1 3 10 42days




c: 12 ~i c: 0.6'E 'E8 ~ 0.4 ~________ il2~ 4 fE 0.2 ------iE
0
1 3 10 42days 1 3 10 42days
Figure 1. Average skeletal muscle blood flow and vascular re-
sistance at I, 3, 10 and 42 days after coronary occlusion and sham
operation. Data represented are mean ± SEM. Opencircles rep-
resent sham group data, closedcirclesrepresent infarct group data.
Stars indicate statistical significance compared with respective
sham data (p < 0.05). t Statistically significant versus the 1 day
sham group (p < 0.05).
creased and vascular resistance increased in the sham group
as well as early after thoracotomy. However, cutaneous
blood flow was reduced significantly (p < 0.05) at 42 days
after surgery, and cutaneous vascular resistance was in-
Figure 3. Renal blood flow and vascular resistance at 1, 3, 10
and 42 days after coronary occlusion and sham operation. Stars
indicate statistical significance compared with the respective sham
data (p < 0.05).
creased significantly (p < 0.05) in the infarct group as
compared with the respective sham group.
Figure 3 shows the renal blood flow and vascular re-
sistance data. There were no significant differences between
respective sham and infarction group data at 1, 3 and 10
days after surgery. At 42 days after coronary ligation, renal
BLOOD FLOW
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Figure 4. Gastrointestinal blood flow and vascular resistance at
I, 3, 10 and 42 days after coronary occlusion. Stars indicate
statistical significance compared with the respective sham data (p
< 0.05). t Statistically significant compared with the I day infarct
group (p < 0.05).
Figure 2. Average cutaneous blood flow and vascular resistance
at I, 3, 10 and 42 days after coronary occlusion. Stars indicate
statistically significant difference compared with the respective
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Table 3. Changes in Hepatic and Cerebral Blood Flow Between I and 42 Days After Surgery
Days After Surgery
3 10 42
Liver (nil/min per g)
Sham group 0.44 ± 0.07 0.46 ± 0.11 0.38 ± 0.06 0.47 ± 0.13
Infarct group 0.45 ± 0.10 0.48 ± 0.08 0.41 ± 0.08 0.28 ± 0.09*
Brain (milmin per g)
Sham group 1.88 ± 0.17 2.01 ± 0.13 1.94 ± 0.19 1.93 ± 0.16
Infarct group 1.88 ± 0.16 2.26 ± 0.21 2.16 ± 0.33 1.43 ± O.09*t
Data are mean ± SEM. *p < 0.05 versus respective sham group; tp < 0.05 versus 3 day infarct group.
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blood flow was reduced compared with the respective sham
group (p < 0.01), because of a significant increase in renal
blood flow over time in the sham-operated animals.
Gastrointestinal blood flow was high both in rats with
infarction and sham rats early after surgery and decreased
over time in the infarct group (p < 0.05 for the 42-day
versus l-day infarct group), but was eventually improved
in the 42-day sham group (p < 0.05 versus 42-day infarct
group). In sham rats, gastrointestinal vascular resistance did
not exhibit major changes over time; vascular resistance
increased gradually between the l-day and 42-day infarct
groups; however, the difference did not reach statistical
significance,
Hepatic blood flow (Table 3) was similar for all sham
groups and for the 1-, 3- and 10-day infarct groups; how-
ever, the 42-day group exhibited lower hepatic flow values
compared with the respective sham group (p < 0.05) and
the other infarct groups. The latter did not reach statistical
significance (p < 0,07).
Total brain bloodflow and vascular resistance are shown
in Table 3. There were no significant differences between
respective sham and infarction group data at 1, 3 and 10
days after surgery, nor were there changes in the infarct or
sham groups over time up to 10 days. However, 42 days
after surgery in the rats with infarction, cerebral blood flow
was significantly lower compared with both the 42-day sham
group (p < 0.05) and the 3-day infarct group (p < 0.05).
Nevertheless, the percent of total cardiac output distributed
to the brain was virtually constant over time: 1.95, 2.14,
2.12 and 2.04% for the infarct groups at 1, 3, 10 and 42
days after coronary occlusion,
Comparison of regional blood flow of animals with
medium and large infarctions (Table 4). Blood flow data
of various tissues are given for rats with large and moderate
sized infarcts and for control rats in Table 4. In animals
with a moderate-sized infarct, only renal blood flow was
significantly reduced as compared with the sham values,
although flow to the other tissues tended to be lower as well,
In rats with a large infarct and reduced cardiac output at
rest (large infarcts 170 ± 21 [p < 0.05 versus sham],
medium 231 ± 25, sham 271 ± 23 mllkg per min), flow
to the kidney, gut and liver was significantly reduced. In
all five regions compared, blood flow rates in rats with a
large myocardial infarct were lower than the respective rates
in rats with a moderate-sized infarct. However, this differ-
ence was statistically significant only iri the hepatic arterial
region.
Evaluation of myocardial infarct size. In all 10 rats,
myocardial infarction was transmural on histologic exami-
nation and always involved a portion of the left ventricular
free wall and occasionally the septum in the apical slice.
The mean infarct size was 41.4 ± 2.6% of the left ventricle,
ranging from 35 to 49%.
Discussion
It has been hypothesized that progressive congestive heart
failure may be, in part, a disease of regulation in which
compensatory mechanisms lead to increased systemic vas-
cular resistance, resulting in manifest heart failure (25).
Despite the pivotal role of enhanced arterial resistance, anal-
ysis of its sequential time course in comparison with left
ventricular function after myocardial infarction has not re-
ceived adequate attention, In fact, virtually no data are avail-
able concerning changes in regional blood flow and vascular
resistance from the early convalescent phase after myo-
cardial infarction.
Table 4. Regional Blood Flow in Rats With Large and Medium Infarcts and Control Rats 42 Days After Surgery
Kidney Gut Skin Muscle Liver
Control (n = 9) 7.76 ± 0.45 21.0 ± 1.6 8.30 ± 1,0 35,3 ± 4.16 0,55 ± 0,063
Moderate MI (33 ± 2%) (n = 6) 5,26 ± 0.34* 17.2 ± 11.4 6.92 ± 0.91 32.6 ± 2.47 0.42 ± 0.049
Large MI (45 ± 1.3%) (n = 9) 4,90 ± 0,28* 15,0 :!: 9,8t 5,29 ± 0,75 25.4 :!: 1.14 0.22 :!: 0,045**
Data are mean ± SEM in units of ml/min per g (kidney, liver) and rnl/min per 100 g (gut, skin, muscle). *p < 0.01 versus control; tp < 0.05
versus control; *p < 0,05 versus moderate myocardial infarct (MI).
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Autonomic influences after myocardial infarction.
Studies focused on the acute and subacute circulatory re-
sponse to myocardial infarction indicate that the early net
autonomic response to myocardial ischemia may be deter-
mined by the central interactions of input from cardiac sym-
pathetic afferent fibers and other peripheral sensory recep-
tors (such as the arterial baroceptors) with afferent vagal
fibers (26). After coronary occlusion, vagal afferents may
exert an inhibitory influence on the constrictor reflex re-
sponse of arterial baroceptors, being most efficient in the
renal and paw circulations and incomplete in the hindlimb,
skeletal muscle and mesenteric circulations (27).
Although reflex pathways were not evaluated, the results
of the present study are consistent with this concept of
simultaneous activation of opposing reflexes (28). One day
after myocardial infarction, increased vascular resistance
was observed particularly in skeletal muscle and to a lesser
extent in the cutaneous beds, but no change occurred in the
renal and gastrointestinal circulations. Thus, renal and gas-
trointestinal vasoconstriction due to baroceptor activity was
apparently offset, perhaps by vagal afferent activity, local
hemodynamic effects or effects of circulating hormones,
whereas the baroceptor constrictor response dominated in
the skeletal muscle and less obviously, in the cutaneous
beds.
Hemodynamic effects of myocardial infarction. Both
hemodynamic and regional blood flow data suggest that the
3- and 10-day infarct groups represent a state of partial
compensation. These findings would confirm results from
earlier studies in dogs (l, 6, 29) demonstrating recovery of
depressed ventricular function within weeks after myo-
cardial infarction. This phase of compensation appears to
be associated with restored regional blood flow to skeletal
muscle. However, left ventricular end-diastolic pressure in-
creased significantly and, although the difference from the
l-day group did not reach statistical significance because of
individual variation, left ventricular end-diastolic pressure
was significantly higher than in the corresponding sham
group. Preceding the deterioration of cardiac output and
vascular resistance, the elevated left ventricular filling pres-
sure may have played an important role toward further pro-
gression of heart failure. Elevated left ventricular filling
pressure indicates impaired myocardial relaxation combined
with depressed contractility (30,31). Conversely, filling
pressure would increase secondary to decreased diastolic
compliance which can follow inflammation and subsequent
fibrosis. In a similar rat model with a large infarct, a sub-
stantial increase in left ventricular volume has been reported
from 2 to 21 days and from 21 to 100 days after coronary
occlusion (8). This suggests that in this rat model with a
large myocardial infarct, elevated left ventricular end-dia-
stolic pressure is associated with ventricular dilation. Al-
though this compensatory mechanism tends to restore stroke
volume to normal, the dilation of the left ventricle also
elevates left ventricular afterload because, at any particular
arterial pressure, the larger ventricle must develop a greater
tension. Aside from the ventricular adjustments, systemic
vasoconstriction emerges as a second cardiocirculatory re-
sponse designed to maintain blood pressure and to provide
adequate perfusion of critical circulatory beds (26).
Whereas both these mechanisms (ventricular dilation and
systemic vasoconstriction) contribute toward maintaining
adequate perfusion, they may be overprotective, leading to
increased afterload and ultimately to progressive heart fail-
ure. It seems that these mechanisms have contributed to the
pronounced deterioration observed from 10 to 42 days after
infarction. Thus, the 3- and lO-day infarct groups may rep-
resent a state of partial compensation, but the mechanisms
providing this state lead to the progression of failure as
observed in the 42-day infarct group. Similar progression
of cardiac dysfunction, associated with increased vascular
resistance, has been demonstrated in conscious dogs (9).
Although both cardiac output and vascular resistance were
normal I month after coronary occlusion, these variables
had deteriorated by 10 months after myocardial infarction.
Similarly, progressive ventricular dilation has been previ-
ously reported (8) in a similar rat model of myocardial
infarction, indicating deterioration of cardiac function. In
the present study, because afterload was not directly mea-
sured, the contribution of increased systemic vascular re-
sistance to the decreased cardiac function at 42 days remains
conjectural.
Circulatory effects of myocardial infarction. It is ev-
ident, particularly comparing the 42 day infarct group with
the respective sham-operated group, that manifest heart fail-
ure occurred in this rat model of myocardial infarction.
There was no evidence of mitral valve regurgitation or myo-
cardial aneurysm as a contributing factor to the progressive
reduction in cardiac output. Depressed cardiac performance
is documented by decreased cardiac output and left ven-
tricular systolic pressure and by elevated left ventricular end-
diastolic pressure and vascular resistance. Increased sys-
temic vascular resistance was due primarily to enhanced
vascular resistance in the cutaneous bed, skeletal muscle
and, to a lesser extent, the renal and gastrointestinal beds.
Rats with a moderate-sized infarct demonstrated minimal
impairment of cardiac output but significant reduction of
renal blood flow, whereas flow to other tissues was not
significantly altered. Recent studies (32) indicate that so-
dium excretion is reduced in this subset of rats. This may
contribute to volume expansion, which in tum acts to in-
crease left ventricular filling pressure and to sustain adequate
cardiac output.
Recent studies from our laboratory suggest that con-
verting enzyme inhibitors are capable of increasing the re-
duced renal flow to normal values in rats with heart failure
due to a large infarct (unpublished observations). In patients
with congestive heart failure, captopril reversed renal va-
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soconstriction and induced natriuresis. If reduced renal func-
tion (decreased renal flow and elevated sodium reabsorption)
is indeed involved in the progression of heart failure by
volume expansion and increased vascular sodium content
and stiffness (that is, increased resistance), then converting
enzyme inhibitors such as captopril might be capable of
retarding the progression of heart failure and improving
prognosis as suggested by recent calculation of pooled data
(33).
Limitations. Some limitations inherent in the present
studies should be noted. First, the assessment of changes
in hemodynamics and regional blood flow is not based on
serial measurements in the same rats and, therefore, dif-
ferences between groups could result from variable infarct
size. However, infarct size in general appeared to be similar
on gross inspection at dissection. Two rats with an obviously
small infarct (approximately less than 30% of the left ven-
tricle) were excluded from the analysis. Estimation of infarct
size in 10 randomly chosen animals from the 42-day group
demonstrated reasonably uniform infarct size. Serial mea-
surement of maximal oxygen consumption during treadmill
exercise in this animal model has shown significant de-
creases in maximal oxygen consumption from 21 to 42 days
after myocardial infarction (unpublished observations), sug-
gesting that a progression of the heart failure state emerges
with time. The mortality rate of 12% during the study period
may have produced selection. Because only four rats died
before 10 days after myocardial infarction, only the 10- and
42-day infarct groups results could be influenced. However,
one would expect a trend toward a less pronounced heart
failure state with such a selection, which obviously was not
observed.
Conclusions. The present study describes a rat model
of heart failure due to myocardial infarction and demon-
strates the sequential changes over time in left ventricular
function as well as in regional blood flow and vascular
resistance. The pattern of changes in left ventricular function
and regional flow suggests that increased left ventricular
end-diastolic pressure and, at a later stage, increased vas-
cular resistance contribute to the progression of left ven-
tricular dysfunction observed in this model. Reduced renal
flow early in this setting exerted, for example, by an acti-
vated sympathetic and renin-angiotensin system, may play
an important role. It should be noted that cardiovascular
adjustments secondary to myocardial infarction in the rat
may be entirely different from those that occur in other
species, particularly humans.
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